This communication proposes a new approach to create complex hierarchical nano-to-meso-scale architectures based on the use of biological connector molecules to direct the assembly of uniquely shaped multi-component nanostructures fabricated using glancing angle deposition (GLAD). Multiple sets of 50-nm-wide and 150 to 650-nm-tall Si-Cr/Au multi-stack zigzag nanosprings and nanorods are grown by GLAD on Si substrates. Nanorods, chosen for selective assembly, are detached from the substrate, suspended in an aqueous solution, and their surfaces are selectively functionalized by attaching biotin and streptavidin connector-molecules to the Au-regions. Successive mixing of different suspensions leads to the end-to-end assembly of long and short nanorods. This technique provides the path to build hybrid nano-architectures including nano-honeycombs, nanoladders, and 3D nanorod networks, comprised of controlled material combinations.
The controlled assembly of nanoscale units into mesoscale and ultimately macroscopic materials and devices is the key to harnessing the unique electronic, optical, and biochemical properties of nanounits. An attractive approach for realizing such a controlled assembly is the use of biological connector molecules. In particular, biotin and streptavidin have been shown to be effective in linking inorganic nanorods into long chains. 1 The magnitude of the free energy of association for streptavidin and biotin is among the largest for the non-covalent binding of a protein to a small ligand in aqueous solution, and each streptavidin molecule provides 4 potential sites for biotin attachment. 2 3 Site-selective functionalization of gold nanorods with these molecules facilitates controlled endto-end assembly. 1 Similarly, DNA-hybridization-driven self-assembly of 13-nm-wide gold nanorods has been reported to lead to 3D bundles, 4 while linear nanorod assemblies were achieved using thioalkylcarboxylic acid based bifunctional molecules that bind to the ends of nanorods. 5 We propose here a particularly promising approach for generating macroscopic nanostructured materials: The use of biological connector molecules to direct the arrangement of uniquely shaped multi-component nanounits grown by glancing angle deposition (GLAD). While * Author to whom correspondence should be addressed. metallic multicomponent nanorods have been fabricated using electro-chemical template synthesis, [6] [7] [8] GLAD has gained considerable interest in recent years due to its ability to create arrays of uniquely shaped nanostructures built from a wide range of materials systems. [9] [10] [11] It exploits atomic shadowing effects during line-of-sight physical vapor deposition by controlling azimuthal and polar deposition angles to nano-engineered columns into various shapes such as zigzags, 10 pillars, 12 chevrons, 13 spirals, 14 slanted posts, 15 multi-stack columns, 16 flowers, 17 nanotubes, 18 and branched rods, [19] [20] [21] with potential applications as optically active layers, 22 23 magnetic storage media, 13 24 humidity and pressure sensors, 25 26 enzyme immobilization supports, 27 emitters, 28 actuators, 29 radiation resistant coatings, 30 and fuel-cell electrodes. 31 32 An additional strength of GLAD is the extreme flexibility by which multiple materials can be stacked together in individual nanostructures, 16 33-35 providing a path to create complex hybrid architectures and to form surfaces for siteselective functionalization.
In this report, we demonstrate that GLAD nanostructures can be controllably assembled into meso-scale architectures using biological connector molecules that are attached at predetermined locations on the nanostructure surfaces. The processing steps involve (i) the growth of various sets of multi-stack nanorods and nanosprings by GLAD, illustrated in Figures 1(a and b) (ii) selective attachment of biological molecules to specific locations on these nanostructures, and (iii) the directed assembly of the nanostructures into complex meso-scale architectures. The uniqueness of this approach stems from the extreme flexibility of material combinations and nanostructure shapes that can be achieved by the glancing angle deposition process where any element which exhibits a solid phase at room temperature can be stacked on top of any other one, all within 20-500 nm wide nanorods or nanosprings and with a vertical resolution of 1-10 nm.
In this work, we describe the growth of 25-60 nm wide Cr-Si multi-stack nanosprings and 40-180 nm wide Si-Au multistack nanorods, as well as the directed endto-end assembly of short and long Si nanorods with Au-caps, using biotin and streptavidin that are selectively attached to the Au section of short and long rods, respectively. The procedure presented may be ultimately extended to the controlled assembly of nanorods and nanosprings to form interconnected two-dimensional and three-dimensional architectures like, for example, nanoladders and nanohoneycombs shown in Figures 1(c and d), with potential applications in nanorobotics, nanoelectronic devices, molecular sieving, recognition, and sensing. Prior to deposition by GLAD, the Si wafers were patterned with 20-nm-diameter silica nanoparticles using the following sequential steps: The substrate surfaces were rinsed with isopropanol and acetone, plasma-treated in oxygen plasma to make them hydrophilic, and functionalized with the cationic polymer polyethyeleneimine (PEI, (Aldrich, St. Louis, MO) by immersing in 10 ml of a 0.025 M aqueous PEI solution for 30 min at room temperature, followed by a wash with MilliQ water. Silica nanoparticles (NYACOL 2040, Eka Chemicals Inc.) were deposited from a 10 ml MilliQ water suspension containing ∼3 × 10 14 particles. The substrates were incubated for 30 min and rinsed with MilliQ water to remove any unbound nanoparticles.
Cr-Si nanosprings and Au-Si nanorods were grown in a load-locked ultra-high vacuum magnetron sputter deposition system, described in detail in Ref. [16] . The substrates were continuously rotated about the polar axis (perpendicular to the substrate surface) for the growth of nanorods, and rotated sequentially by 180 -steps for nanospring growth. A collimating plate covering the substrate was used to prevent any non-directional flux from striking the substrate, and to control the azimuthal deposition angle to be 84 . Multi-component nanorods were obtained by depositing different materials in discrete deposition steps. The sample heating due to the deposition plasma was monitored by a thermocouple within the sample stage and was below 110 C for all depositions, which were carried out at 0.26 Pa (2.0 mTorr) in 99.999% pure Ar that was further purified using a Micro Torr purifier. Sputtering was done at a fixed power of 500 W, yielding approximate rod growth-rates of 2.4, 5.3 and 6.3 nm/min for Cr, Si, and Au respectively. The shape and morphology of the nanorods and their assemblies were analyzed by scanning and transmission electron microscopy (JEOL 6335F Field Emission SEM and Phillips CM12 TEM). Figure 2 (a) is a typical scanning electron micrograph of Cr-Si zigzag nanosprings, illustrating the uniquely shaped nanostructures that can be grown by GLAD. This crosssectional image, obtained by cleaving the Si substrate, shows the as-grown springs which are still attached to the substrate surface. The structures were grown in four sequential steps with alternating deposition of Cr from the right and Si from the left, yielding two-component zigzag nanosprings with four arms consisting of the respective elements. The width of the springs near the substrate ranges from 25 to 30 nm. However, the width increases to 45 ± 5 nm at the end of the first (Cr) arm and to 65 ± 15 nm for the fourth (Si) arm, that is, the top of the spring. This increase in width is also illustrated by the dotted line highlighting the contour of a nanospring in Figure 2(a) . The broadening as a function of height is attributed to strong intercolumnar competition which has been reported to increase with homologous temperature 36 and to lead to column extinction during GLAD. [37] [38] [39] The increase in the width in each consecutive arm of the zigzags is compensated by a fraction of the springs terminating their growth prematurely, leading to a reduction in their number density and resulting in an increase in the average spacing between the springs, from 25 ± 5 nm for the first arm to 135 ± 10 nm for the fourth arm of the zigzags.
A corresponding TEM micrograph of Cr-Si nanosprings is shown in Figure 2( 15 ± 5-l-droplet of the resulting suspension on a carbonfoil of a Cu-TEM grid (Ted Pella, Inc.). The bright field image shows strong diffraction contrast between the Cr and the Si arms, that is, the crystalline Cr appears dark as most of the electron beam intensity is diffracted, while the Si is brighter due to its amorphous structure and lower atomic mass. The nanosprings in the micrograph consist of four arms, Cr-Si-Cr-Si, as labeled (1)- (4) in Figure 2(b) . The first Cr arm (1) is less pronounced in the image, which is attributed to its smaller width, as discussed above, and the related detachment or mechanical degradation during TEM specimen preparation. In addition, the micrograph shows 5-7 second-level Si arms (2) which merge during Cr deposition (arm 3) into only two fourth-level Si arms (4) . That is, the image illustrates the reduction of the number of springs as a function of height, in this case by a factor of ∼3, which is attributed to a competitive growth mode which is also responsible for the observed broadening discussed above. Such column competition and related broadening can be delayed or completely suppressed by controlling the initial column separation during GLAD using appropriate seed pattern dimensions. [40] [41] [42] Figures 2(c) and (d) are cross-sectional SEM micrographs of Si-Au multi-stack nanorods, showing the same portion of the sample, imaged using secondary electrons and back-scattered electrons, respectively. The rods were grown with continuous rotation of the substrate about the polar axis using two alternating sequences of Si and Au deposition steps, with a nominal Si:Au atomic ratio of 2:1 The nanorods are 600 ± 25-nm tall and their width increases with height from 50 ± 15 nm near the substrate to 170 ± 10-nm on the top, as determined by plan-view micrographs (not shown). The increase in width is due to a competitive growth mode and is accompanied by a decrease in the rod number density, similar to the case for the nanosprings discussed above. This leads to rods that terminate their growth prematurely, as those shown in the foreground in Figure 2 (c), with a height of 150 ± 35 nm and a width of 45±15 nm. The larger rods exhibit increasingly rough surfaces with protrusions that elongate along the growth direction. These protrusions can be attributed to the same growth instability that causes the formation of the entire nanorod. That is, small surface irregularities are exacerbated during the growth process since any roughness on the rod surface results in an enhanced capturing rate of the flux, yielding locally increased growth rates and, in turn, surface protrusions. Similar GLAD nanostructure surface morphologies have been reported for cobalt and silicon films. 43 44 The rods in Figure 2 (c) are slightly tilted with respect to the substrate surface normal due to an anisotropy in the deposition flux caused by unintentional off-centering of the substrate with respect to the collimating plate. The backscatter electron image (BSEI) in Figure 2 In the following, we present initial data demonstrating biomolecule-directed assembly of GLAD nanostructures into more complex architectures. For this purpose, two sets of Au capped Si nanorods were grown by GLAD. The long rods, 665 ± 10 nm tall and 185 ± 10 nm wide, are ∼four times longer than the short rods, 150 ± 15 nm tall and 50 ± 10 nm wide. Biotin was attached to the Au portion of the short nanorods by first immersing the Si wafer containing the rods into a 5 ml solution of 2 mM 2-aminoethanethiol dissolved in 100% ethanol for 4 hours. The substrate (and rods) were then rinsed with 5 ml of ethanol, immersed in 5 ml 10 mM EZ-Link Sulfo-NHS-LC-Biotin in 0.1 M sodium phosphate buffered saline (0.15 M NaCl, pH 7.2) for 30 min at room temperature, and washed with MilliQ water to remove any unbound linker. Streptavidin was attached to the Au portions of the long rods by first immersing the substrate containing the rods in 5 ml of 2 mM mercapto-undecanoic acid dissolved in 100% ethanol for 4 hours followed by a rinse in 5 ml solution of ethanol, an immersion in 5 ml of aqueous solution containing 0.05 M N -Hydroxysuccinimide (NHS) and 0.2 M 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) for 7 min, and washing with 5 ml of 50 mM MES buffer (pH 6.2). The two silicon supports were then sonicated (separately) for 30 min in MilliQ water, resulting in the formation of aqueous suspensions of functionalized nanorods. The two suspensions, containing short and long nanorods, were mixed together and were allowed to settle for 30 minutes A 5 L drop of the resulting mixture was dispersed and dried on top of a plasma-cleaned Cu grid with a carbon membrane (Ted Pella, Inc.) for imaging by TEM. In addition, three control samples containing a mixture of (i) biotin-functionalized short nanorods and non-functionalized long nanorods, (ii) streptavidin-functionalized long nanorods and nonfunctionalized short nanorods and (iii) non-functionalized long and short nanorods, were prepared to demonstrate that biotin-streptavidin linkage is necessary for nanorod assembly. Figure 3 is a representative bright-field TEM micrograph of a Si-Au nanorod assembly. The image shows 3 long nanorods, with a measured length of 674 ± 18 nm. The rods are capped with Au, which appears dark in Figure 3 due to strong scattering of electrons from crystalline (high Z) Au grains in comparison to the brighter amorphous (low Z) Si rods. The dark region in the center of the left long rod is due to an overlapping 4th long rod which extends out of the image at the left bottom corner. The Si portion of the nanorods exhibits strong porosity, associated with atomic shadowing caused by the intentionally high deposition angle in combination with low adatom mobility due to a low homologous growth temperature of T s /T m (Si = 300 K/1687 K = 0 18. The short nanorods appear in Figure 3 as bundles of 1-3 parallel rods. Such bundles form during the nanorod growth, when neighboring rods touch and develop a sufficiently strong bond so that they do not break apart during the subsequent sonication. As reported previously, isolated nanorods can be grown by choosing pattern dimensions that prevent column competition. 16 The short rods have a measured length of 165 ± 10 nm, in reasonable agreement with the length of 150 ± 15 nm, measured by SEM. All short rods arrange themselves so that their Au-portions are in close proximity (≤5 nm) to the Au-portion of the large rods. This is an indication that the biotin at the short rods connects to the streptavidin at the long rods, during the mixing of the two suspensions. A statistical analysis from multiple TEM micrographs, corresponding to a total sample area of 10 4 m 2 , shows that 30 ± 10% of long rods are linked to short rods. In contrast, two of the three control samples show no nanorod assembly while the third exhibits a rod agglomerate, corresponding to ∼5% of the observed rods in this sample. That is, samples with biotin and streptavidin molecules are at least six times more likely (30% versus <5%) to exhibit linking of long and short nanorods, indicating that the biotin-streptavidin linkage is the primary cause for nanorod assembly. We attribute the rodassembly in the absence of bio-linkers to hydrophobic interactions 45 or capillary, electrostatic, and/or Van-derWaals forces during the drying process of the rod suspension on the TEM grid. We expect that these secondary driving forces can likely be further suppressed by an optimized assembly procedure. Overall, the results demonstrate the feasibility of the envisioned two-component nanostructure assembly by biological connector molecules.
In conclusion, we have demonstrated that uniquelyshaped multi-component nanostructures can be grown by GLAD, including Si-Au nanorods and Cr-Si nanosprings.
We have also shown that Si-Au nanorods can be controllably assembled (end-to-end) using biological connector molecules, in particular biotin and streptavidin, that are selectively attached to the Au portion at the end of the nanorods. This new hybrid physical-vapordeposition/wet-chemistry approach will be useful for assembling complex hierarchical nanoarchitectures including nano-honeycombs, nanoladders, and 3D nanorod networks, comprised of controlled materials combinations.
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